Abstract. Massive neutrinos, due to their free streaming, produce a suppression in the matter power spectrum at intermediate and small scales which could be probed by galaxy clustering and/or weak lensing observables. This effect happens at scales that are also influenced by baryon feedback, i.e. galactic winds or Active Galactic Nuclei (AGN) feedback, which in realistic hydrodynamic simulations has also been shown to produce a suppression of power. Leaving aside, for the moment, the complex issue of galaxy bias, we focus here on matter clustering and tomographic weak lensing, we investigate the possible degeneracy between baryon feedback and neutrinos showing that it is not likely to degrade significantly the measurement of neutrino mass in future surveys. To do so, we generate mock data sets and fit them using the Markov Chain Monte Carlo (MCMC) technique and explore degeneracies between feedback parameters and neutrino mass. We model baryon feedback through fitting functions, while massive neutrinos are accounted for, also in the non-linear regime, using Halofit calibrated against accurate N-body neutrino simulations. In the error budget, we include the uncertainty in the modelling of non-linearities. For both matter clustering and weak lensing, we always recover the input neutrino mass within ∼ 0.25σ confidence level. Finally, we also take into account the intrinsic alignment effect in the weak lensing mock data. Even in this case, we are able to recover the right parameters: in particular, we find a significant degeneracy pattern between M ν and the intrinsic alignment parameter A IA .
Introduction
In the upcoming years galaxy surveys like Euclid 1 , the Large Synoptic Survey Telescope (LSST) 2 , the Dark Energy Spectroscopic Instrument (DESI) 3 and the Square Kilometer Array (SKA) 4 will become operative. Indeed, some of these ambitious projects are already happening, see for example DES 5 [1, 2] . Thanks to these probes we will be able to study the evolution of the Universe through cosmic ages, using as observables galaxy clustering (baryon acoustic oscillations, BAO, and redshift-space distortions, RSD) and weak lensing, which will be measured with unprecedented accuracy. Such improvements will allow to constrain better the cosmological parameters and assess possible deviations from the standard flat Λ-Cold Dark Matter (ΛCDM) paradigm. In particular, these new experiments will almost certainly be able to measure for the first time the total neutrino mass, M ν , which is known to suppress the growth of structures at small scales. All previous attempts only placed upper limits to this parameter [3] . To date, the most stringent constraint comes from combining Planck [4] with BOSS Lyman-α forest data, providing M ν < 0.12 eV at 95% confidence level [5] . On the other hand, a lower bound of M ν = 0.056 eV is obtained by particle physics experiments from neutrino oscillations [6] , leading to a very narrow allowed range.
To achieve the goal of measuring cosmological parameters with percent accuracy, a huge effort must be carried out in the theoretical modelling of the observables and of the systematic errors that may affect our predictions for RSD and galaxy bias in clustering observations and shape-noise in shear surveys. One of the most important aspects when dealing with massive neutrinos is the fact that their effect on the matter power spectrum may mimic what goes under the name of baryon feedback. With baryon feedback we mean here the set of astrophysical processes able to modify the matter distribution on the relatively large/intermediate scales comparable to the halo sizes. Such processes include Active Galactic Nuclei (AGN) feedback, galactic winds and hot X-ray emitting gas physics. Since the observational constraints are still poor, their description usually relies on hydrodynamical N-body simulations [7] [8] [9] [10] . What is found is that, despite these mechanisms are different in nature, their net effect on the matter power spectrum is similar: we expect a damping starting from k ∼ 0.5 h Mpc −1 with a maximum suppression of 10-25 percent around k ∼ 2 h Mpc −1 [11] . In the past few years, several analytical approaches have been proposed to model such suppression: some authors propose fitting functions whose parameters depend on the feedback model implemented in the simulation [12, 13] , others treat feedback as the consequence of a modification of the Navarro-Frenk-White (NFW) density profile in dark matter halos [11, 14] .
Previous and current works have always treated baryon feedback as a nuisance to the cosmological signal [1, 15] , without quantifying a possible bias on the estimate of M ν . In this paper we show that the degeneracy between baryon feedback and massive neutrinos is not significant and the two effects can indeed be disentangled. The main reason why this can be done is that the redshift evolution of the two phenomena are rather different from each other: thus, we expect that performing a tomographic analysis will be the best way to achieve our goal.
Our work is based on the formalism developed in Ref. [16] , where a Markov Chain Monte Carlo (MCMC) method to forecast errors on cosmological parameters for a Euclid -like survey combined with Planck is used. A more recent paper [17] has carried out the same analysis including also 21cm galaxy clustering and intensity mapping as will be probed by SKA. MCMC has been shown to return more realistic results than a simple Fisher matrix analysis, which has well-known limits when exploring the cosmological parameters full likelihood function.
In this work we consider as our "observables" the 3-D, matter power spectrum and the cosmic shear power spectrum. Clearly the former is not a real observable and, in fact, in this paper we limit ourselves to a study of the degeneracy between neutrino mass and baryon feedback at the level of the matter distribution, leaving any complication due to galaxy bias (and redshift-space distortions) for a future work. Furthermore, for clustering we apply the so-called cold dark matter prescription [18] [19] [20] [21] : in massive neutrino cosmologies, the relevant field for the description of galaxy clustering is the cold dark matter plus baryon (cdm+b) one rather than the total matter, since we can recover the expected constant linear bias at large scales only w.r.t. the former. In our set-up, therefore, the observable for clustering is the cdm+b power spectrum.
Weak lensing is one of the most promising tools for cosmology for the next decade: despite resulting from an integration along the line-of-sight, it probes the deep non-linear regime, as non-linearities arise already at relatively small multipoles ( ∼ 100) [22] . The latest results from the KiDS survey [15] and DES [2] show some tensions between each other. In addition, KiDS data seem to underpredict the overall amplitude of primordial fluctuations with respect to Planck [23, 24] . Ref. [25] has demonstrated that baryon feedback alone is not enough to reconcile the tension in the Ω m − σ 8 plane and a non-minimal neutrino mass must be invoked to resolve it. Therefore a detailed study of the possible degeneracies between the two effects becomes of primary importance.
We incorporate non-linearities using the latest version of the Halofit subroutine im-plemented in Camb [14, 26] 6 . These fitting formulae can reproduce the cold matter power spectrum with an accuracy better than ∼ 5% even in the deeply non-linear regime (k 10 h Mpc −1 ). With this approach we essentially assume that any prediction adopted in the analysis of future data set is the direct results of investigations based on N-body simulations and we therefore include as theoretical uncertainties those affecting numerical methods. How this and other sources of error are computed can be found explicitly in Section 3.
This paper is organized as follows: in Section 2 we briefly summarise the theory behind the observables we employ and introduce the equations that we use; in Section 3 we present the details of our analysis; in Section 4 we show our results; finally, in Section 5 we draw our conclusions.
Throughout this work we assume a flat ΛCDM model with one single massive neutrino species with parameters Ω b = 0.0486, Ω m = Ω cdm + Ω ν + Ω b = 0.3089, h = 0.6774, A s = 2.14 × 10 −9 , n s = 0.9667, i.e. the best-fit values found by the Planck Collaboration (2015) [4] .
Theory
In this Section we briefly summarise the theoretical framework and the definitions of the cdm+b and the shear power spectra. Then we describe the baryon feedback model of Ref.
[11] that we will use throughout this work.
Observables: cdm+b power spectrum and cosmic shear
The large-scale structure of the Universe is the result of the growth of small density perturbations that evolved through cosmic ages. In massive neutrino cosmologies, at the redshifts relevant for large-scale structure observations, we can identify two contributions to the total matter density ρ m given by the cold matter (including baryons), ρ c , and neutrinos, ρ ν . Total matter perturbations can then be written as
where f ν ≡ Ω ν /Ω m is the fraction of the neutrino contribution to the total matter density. From now on, the subscript 'c' will label the cdm+b fluid, while 'm' will denote total matter quantities. Numerical investigations [19] [20] [21] [27] [28] [29] , along with earlier theoretical descriptions of the spherical collapse in the massive neutrino scenario [18] , have shown that halo formation is driven by the cold matter component alone. This assumption allows to recover universality for the halo mass function and halo bias, otherwise apparently lost in a description based on total matter perturbations. The quantity of interest for halo (and galaxy) clustering is therefore the cold matter power spectrum, P cc (k). In this work we will focus on this quantity leaving, for the moment, aside the actual observable, i.e. the galaxy power spectrum. The aim of this work, in fact, is not to present the most realistic errors on the total neutrino mass achievable by future surveys but rather to quantitatively address the putative degeneracies between the suppressions of power induced by feedback effects and neutrinos at the level of matter perturbations alone . Our second quantity of interest is the shear power spectrum from gravitational lensing [30, 31] . We will work in the weak regime, where distortions of the shapes of galaxies are much smaller that their intrinsic ellipticity. Intervening mass distorts the image of the source galaxy in both size and ellipticity, but in this regime the power spectra of the two components (convergence and shear) are statistically equivalent. The lensing effect depends on the gravitational potential along the line-of-sight, directly related, via Poisson equation, to the total matter perturbations. Our predictions for this observable will then be derived in terms of the total matter power spectrum P mm (k).
Dividing source galaxies into N redshift bins, i.e. performing a tomographic analysis, allows to improve the constraints on cosmological parameters [22] , as this will result in N (N + 1)/2 nearly independent observables. We assume the flat-sky Limber's approximation, which are valid for small angles or, equivalently, for high values ( 10 − 20) [32] . The cosmic shear power spectrum then reads
where P mm (k, z) is the non-linear total matter power spectrum and χ(z) is the comoving distance to redshift z. W (i) is the window function describing the (normalised) distribution of sources n s (z) in the redshift bin [z i , z i+1 ], given by
and is therefore a measurement of the lensing efficiency in the i-th tomographic bin.
Massive neutrinos
Massive neutrinos affect the cold and total matter power spectra (and in turn the cosmic shear one) both in the linear and non-linear regimes. The large thermal velocities that neutrinos possess at their decoupling prevent them to cluster in regions smaller than the free-streaming scale (e.g. [6] ):
where M ν is the sum of the neutrino masses and E(z) = H(z)/H 0 . This results in a suppression of the linear cdm+b power spectrum P cc (k) and total matter power spectrum P mm (k) that can be quantified, in the small-scale limit, as [6, 27] 
as long as f ν 0.07 [6] . Clearly we expect a larger suppression in the total matter power spectrum since this is given by the combination 6) where the cross cold matter-neutrinos power spectrum P cν (k) and neutrinos power spectrum P νν (k) rapidly decay for k > k fs . At lower redshift, as the temperature drops, neutrinos become non-relativistic and eventually fall into dark matter potential wells. This "neutrino drag" relieves the small-scale suppression [33] , so that plotting the ratio between the power spectra in a massive and massless neutrino cosmology returns the well-known spoon-shape curve around k ∼ 1 h Mpc Figure 1 ). Quantitatively, in the non-linear regime, the suppression becomes of order ∆P/P ≈ −10 f ν with a stronger scale-dependence [34, 35] .
Because of the integration of eq. (2.2), the suppression of the matter power spectrum translates into a suppression in the shear power spectrum that affects almost all multipoles, with a milder dependence on scale.
Baryon feedback
In addition to massive neutrinos, baryonic feedback processes, comprising violent events such as supernova explosions and the accretion onto the central black hole in AGNs, are also responsible for a small-scale drop in power. Theoretical predictions for such effects are both poorly constrained by observations and inevitably affected by large systematic uncertainties, due to the difficulty in properly capture baryonic physics in numerical simulations. In general, baryon feedback is expected to damp the matter power spectrum by up to 25% at scales of k ∼ 2 h Mpc −1 [11] , but the uncertainty caused by different AGN feedback models could reach 50% for scales k 1 h Mpc −1 [12] . Nevertheless, in the last few years several analytical descriptions, relying on fits to numerical simulations, have been proposed. In this paper we will use the baryon correction model (BCM) by Ref. [11] . As opposed to other similar proposals (see for instance [12, 13] ) this model has the advantage of employing parameters with a well-established physical meaning. The BCM assumes that X-ray emitting gas, AGN activity and more in general the complex intracluster physics smoothly modify the NFW profile of the dark matter halo. This modification reflects on the matter power spectrum in a way that can be explained by a fitting function with only three free parameters. The BCM is obtained from a set of hydrodynamical simulations that incorporate AGN feedback but not other mechanisms such as galactic winds, which could produce different scale and redshift dependencies for the suppression. Although the suppression of power is model-dependent (i.e. depends on different sets of parameters), the shape of the predicted damping, as obtained from simulations, is similar for most of the feedback mechanisms. This is the main motivation to relax the priors on the BCM feedback parameters even outside their physical range in order to be conservative and probe a wider range of feedback-induced suppressions.
The BCM fitting function describes the ratio between the total matter power spectrum accounting for baryon feedback to the power spectrum of the dark-matter-only (dmo) scenario and reads
where
for M c ≥ 10 12 M /h and zero otherwise, 9) while the term outside the bracket is the stellar component of the central galaxy,
(2.10)
The expressions above depend on three parameters: M c , η b and z c . The critical mass M c is related to the bound gas fraction in a halo. Hydrodynamical simulations show that part of this gas is ejected and such ejection is stronger in low mass halos. So we expect low mass halos to be almost completely stripped from their gas. In this picture, M c represents the typical halo mass scale below which most of the gas is ejected. This parameter sets the prominence of the suppression: the higher M c , the smaller P feed (k) will be. The parameter η b controls the maximum scale (minimum k) at which the suppression becomes relevant. Such parameter is related to the ejected gas fraction: it may be viewed as the ratio between the thermal velocity of the gas in the intracluster medium and the halo escape velocity. As such, the higher η b , the more the suppression occurs at larger scales. Finally, the last parameter z c accounts for the time dependence of the suppression, which is growing with decreasing redshift as the signal is dominated by larger and larger halos.
Ref. [11] tested the BCM on the hydrodynamical simulations by Ref. [36] which include radiative cooling and star formation but no AGN feedback, obtaining a best fit of M c ∼ 2 × 10 12 M /h and η b ∼ 1.0. Such low value for M c means that only very low mass halos are completely emptied of their gas, in agreement with the lack of AGN feedback set in the simulations. BCM was also applied to the OWLs simulations [8] obtaining values of M c ∼ 5 × 10 14 M /h and η b ∼ 0.4, indicating a high AGN activity. The systematic error affecting eq. (2.7) is of order 2 − 3% at all scales up to k 10 h Mpc −1 . This uncertainty will be included in the error on the Halofit formulae that we will introduce in the next Section. Figures 1 and 2 show separately the effects of massive neutrinos and baryon feedback, respectively on the matter power spectrum and the shear power spectrum. The top left panel of Figure 1 shows how increasing the neutrino mass damps more and more the matter power spectrum (both at linear and non-linear level). A key point is that the scale at which the suppression occurs is almost constant, being it only weakly-dependent on M ν , and it is much larger than the scales involved by baryon feedback (see the other three panels). Figure 2 shows the same effect but on cosmic shear. One can see that feedback only affects high multipoles ( 80), while massive neutrinos damp the shear spectrum even at low multipoles. For neutrino masses greater than 0.3 eV, the suppression is so high that, in order for baryon feedback to mimic it, all halos with mass smaller than ∼ 10 14 M /h should expel their gas, implying an extraordinarily strong AGN activity.
Method
The goal of this paper is to investigate possible degeneracies between the effects of massive neutrinos and baryon feedback on matter and shear power spectra. To do so, we follow a procedure similar to the one of Ref. [16] . In that work, the authors presented a forecast of the errors on cosmological parameters expected from galaxy clustering and weak lensing observables as will be probed by a Euclid -like survey. They performed a MCMC likelihood analysis assuming as fiducial, "mock" data the theoretical prediction (i.e. without statistical scatter). This had been shown to lead to the same forecasted errors as employing more realistic measurements from N-body simulations [37] . In particular, the modelling of the non-linear power spectrum uses the Halofit fitting functions from Ref. [33] , available at the time and the fiducial cosmic shear spectra were computed using eq. (2.2). The systematic uncertainty affecting the Halofit prescription was accounted for in the error budget.
In the following subsections we describe in detail the similar analysis we perform for the clustering and shear survey along with the specific characteristics assumed for the surveys, Figure 1 : The four panels show the effect of the neutrino mass and of the three different feedback parameters of the BCM on the matter power spectrum at z = 1 (approximately the median redshift of future surveys). All the ratios are taken with respect to a cdm+b power spectrum model in a cosmology with minimum-allowed neutrino mass M ν = 0.056 eV and no baryon feedback. In the top left panel the neutrino mass is varied while the ratio in both linear and non-linear regime are shown. The top right panel shows the effect of increasing M c , in the bottom left panel we change the parameter η b , while in the bottom right we display how the redshift parameter affects the feedback fitting function. The gold shaded areas represent cosmic variance for a survey like in [16] in a redshift bin of ∆z = 0.1 centered at z = 1. The grey shaded areas represent the theoretical uncertainty on the matter power spectrum due to the Halofit fitting formulae, eq. (3.6). In all the panels a vertical line at k = 0.5 h Mpc −1 is drawn, to mark the maximum k at which our analysis is extended.
borrowed as well from Ref. [16] .
Clustering survey
As already mentioned, we are limiting the scope of our analysis to exploring degeneracies at the level of the matter density field. As our reference, 3-D matter distribution we consider the volume probed by a spectroscopic redshift survey covering a sky fraction of f sky = 0.375, spanning a redshift range from z = 0.5 to z = 2.0 subdivided in 16 redshift bins. The volume of each bin is given by
where ∆z = 0.1 is the bin width in redshift. Since our "observable" is the three-dimensional matter power spectrum, additional, relevant survey characteristic such as the expected galaxy number density will not play a role in our analysis. We assume a Gaussian likelihood function for cold matter power spectrum P cc given by
This picture is the same of Figure 1 but here the cosmic shear power spectrum is shown, with a source distribution like in Ref. [16] , a sky coverage of f sky = 0.375 and with all galaxies in a single bin, i.e. no tomography has been performed.
where P th cc (k, z) and P obs cc (k, z) are respectively the theoretical and "observed" cold matter power spectra while C ij is the covariance matrix. All power spectra are evaluated in wavenumber bins of size ∆k = 0.0163 h Mpc −1 from a minimal value of k min = 0.01 h Mpc −1 to a maximum of k max = 0.5 h Mpc −1 . The chosen value of ∆k is always larger than the effective fundamental frequency k eff f (z) ≡ 2π/[V s (z)] 1/3 of each subvolume V s (z) defined by the binning in redshift. The value for k max is a rather optimistic estimate for the maximum scale that future surveys will reach. In fact, most spectroscopic surveys targeting baryonic oscillations as one of the main cosmological probes are, by design, limited by shot-noise to
All power spectra are generated using the Code for Anisotropies in the Microwave Background (CAMB) [38] . Non-linearities are modelled through the version of the Halofit module [14, 26] . Since we are interested in the cold matter power spectrum P cc , however, we cannot use the default output of the Halofit module in CAMB out-of-the-box because that only applies to the total matter power spectrum. Rather we apply Halofit as a nonlinear operator, denoted below as H, on the linear cold matter power spectrum. The effects of massive neutrinos are therefore accounted for mainly via the linear power spectrum P L cc , with an additional, mild dependence on the neutrino fraction f ν in the Halofit parameters δ c and ∆ v described in eq. (25) of [26] .
In addition, since neutrinos do not play an active role in baryon feedback processes [21] , we implement baryonic effects by means of eq. (2.7) as a multiplicative factor F bf to the nonlinear cold matter power spectrum alone. It follows that the Halofit module parameters providing the nonlinear mapping P cc = H(P L cc ) will correspond to the "DM only" case (see Table 4 in Ref. [14] ) as we are treating the baryonic suppression separately. In short, our model for the nonlinear cold matter power spectrum will be given by
The accuracy of these fitting formulae will be taken into account in the error budget as we will discuss shortly. In fact, the covariance matrix C ij in eq. (3.2) accounts for both statistical and systematic errors, as
where the statistical contribution from cosmic variance is simply given by 5) and therefore neglects any non-Gaussian component along with any beat-coupling/supersample covariance term from the finite observed volume [39] [40] [41] .
Concerning instead the systematic uncertainty affecting the theoretical predictions for the matter power spectra, our standpoint assumes that such predictions are the outcome of state-of-art numerical simulations (we do not consider here the alternative, analytical approach based on perturbation theory). As such they will suffer from systematic uncertainties related to the choice of the N-body code, the resolution, etc. but also on the accuracy of the fitting function or the emulator built to exploit the numerical results in an efficient MC-based likelihood analysis of future data-sets.
A recent code comparison [42] estimates the systematic difference among different codes at the 1% and 3% level respectively at k = 1 and 10 h Mpc −1 , while suggesting a minimum box size and maximum particle mass in order to avoid errors due to finite-volume effects and resolution beyond the percent level. Similar comparisons are not available for numerical simulations of massive neutrino cosmologies although one can expect additional errors of the order of 1% related to the problem of the proper setting of initial conditions [43] . Clearly, we do not include in this budget the error on the numerical description of baryonic effects since we deal with it explicitly: the evaluation of its impact is precisely the goal of this work.
In addition to the systematic error intrinsic to the numerical approach, fitting functions such as the various versions of Halofit [33, 44, 45] or the more recent approach of the HMCODE [26] employed here are also affected by their own uncertainty in reproducing the N-body results on which they are based. The HMCODE, for instance is expected to provide an accuracy of a few percent at k < 10 h Mpc −1 for the most common extensions to the Standard Model only worsening to 10% for specific modified gravity models with chamelon screening. On the other, another viable approach is given by cosmic emulators. The CosmicEMU code [46] [47] [48] [49] , in its latest version, is claimed to predict the power spectrum at the 1% level up to k = 8 h Mpc −1 over a significant region of the allowed parameter space. The accuracy of the new EuclidEmulator [50] is approximately ∼ 1% at k < 1 h Mpc −1 , therefore comparable to the one obtained with N-body simulations. Finally, an alternative method, combining perturbation theory results at large scales and fitting functions from high-resolution simulations at small scales, has recently being proposed by Ref. [51] and implemented in the NGenHalofit code, characterised by an expected accuracy of 1% up to k = 0.9 h Mpc −1 . In light of these results, we will take a conservative stand assuming that N-body-based methods providing predictions for the nonlinear power spectrum, including massive neutrino effects and common extensions to the Standard Model, are affected by a systematic uncertainty of 3% at k = 1 h Mpc −1 and 4% at k = 10 h Mpc −1 for our Planck fiducial cosmology at z = 0. In particular, following [33] , we describe the scale and redshift dependence of the relative, systematic error on the cold matter power spectrum as
where k σ (z) is the non-linear scale at which the mass fluctuations, smoothed by a Gaussian filter, are equal to unity, that is σ R = 1 for R = 1/k σ . This functional form for α(k, z) was also used by Ref. [16] , while a different form for the same quantity has been adopted by Ref. [17] . At the value of k max = 0.5 h Mpc −1 adopted for the clustering analysis we have α 2% at redshift zero, which is a conservative choice.
We expect any systematic error to correlate different wavenumbers. Following Ref.
[52], we account for the systematic uncertainty with a contribution to the covariance matrix C ij of the form
where the log-exponential term represents the correlation kernel. We choose σ α = log 5 as the log-scale correlation length. This choice is motivated by the fact that the typical scale over which Halofit overestimates/underestimates the power spectrum of a simulation is roughly half a decade (see for example Figure 1 of Ref. [14] ). In this work we use the Emcee 7 package for the likelihood sampling.
Cosmic shear survey
For the cosmic shear survey we assume as well a sky coverage of f sky = 0.375. The distribution of source galaxies is taken to be 8) where the constants in front ensure that the integral over all redshifts of n s (z) is normalized to 1. We set α = 2, β = 1.5 and z mean = 1.412 z 0 = 0.9. We fit a multipole range going from = 10 up to = 2000, corresponding to an angle of 5 arcseconds or, equivalently, a scale of ∼ 0.7 h Mpc −1 at the median redshift. We divide the sources into N = 3 redshift bins, in such a way that each of them contains the same number of galaxies. We assume a galaxy density of d = 30 arcmin −2 with a root mean square intrinsic shear of γ 2 rms 1/2 = 0.30. In terms of these quantities we can estimate the shape noise to be given by
where n i = 3600 d (180/π) 2 /N is the number of galaxies per steradian in the i-th bin.
The likelihood function is Gaussian also for the shear power spectrum C (ij) and is given by 10) where C represents the power spectra covariance matrix with the indices i, j running from 1 to 3 labelling the redshift bins and , labelling the multipoles. Consistently with the discussion in the previous Section, the total matter power spectrum, relevant for weak lensing observables, is obtained as
Again, non-linearities are computed using the Halofit formulae and both the non-linear transformation and the baryonic correction apply only to the cold matter power spectrum.
For the cross and neutrino spectra we use linear theory as their non-linear counterpart is expected to give sub-percent contribution [27] .
The sources of error we consider here are cosmic variance, shape noise and the theoretical error on the matter power spectrum propagated in the cosmic shear spectrum (eq. (3.15) ), so that the total covariance matrix reads
The cosmic variance, in the Gaussian approximation, and shape noise contributions is given by
The systematic component is given instead by
where the relative uncertainty on the shear power spectrum is obtained by propagating the uncertainty on the matter power spectrum through eq. (2.2) as
Here we have implicitly assumed that the error on P mm is the same of that on P cc , since the other quantities are involved at the linear level and are therefore known with high precision. The value for the correlation length σ E for the error on the shear power spectrum is chosen consistently with the one on the matter power spectrum. To estimate it we introduce a logarithmic modulation of period σ α in the matter power spectra and computed the shear spectra integrating them. This was translated in a modulation of period approximately one third of a decade in the shear spectra: hence we set σ E = log 3.
As a final remark, we should stress that, despite a mission like Euclid will measure clustering and shear in the same patch of the sky, we never perform a combined analysis of the two quantities. We will leave this for future work.
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Matter clustering, P (k)
Cosmic shear, C Table 1 : Best-fit values of the baryon parameters obtained from the analysis of Section 4.1, where we fitted spectra with baryonic features onto spectra containing massive neutrinos. We also report the difference in the reduced chi-squared ∆χ 
Results
This Section presents our results and is divided into three parts. In the first, we verify if a properly chosen set of feedback parameters is able to reproduce a suppression in the matter spectra similar to the effect of massive neutrinos. In the second, we address the possible degeneracies between the neutrino mass and the three feedback parameters. In the third, we investigate additional, possible degeneracies between M ν and the intrinsic alignment parameter as it could be measured in weak lensing surveys.
Fitting baryon feedback on massive neutrino cosmologies
The goal of this Section is to check whether there exists a set of reasonable feedback parameters which is able to reproduce the same effects of massive neutrinos. We adopt as fiducial cosmology a model with a single massive neutrino species and we assume no baryon feedback. We consider a single massive neutrino species with mass M ν = 0.15, 0.30, 0.45 eV. We look for a fit to such mock data with a model that assumes a constant neutrino mass corresponding to the minimum allowed value M ν = 0.056 eV [6] but with varying baryon feedback parameters.
The results of this test are summarised in Table 1 , which reports the best-fit values for the parameters, along with their 68% confidence level errors. The table also shows the shift in the reduced chi-square with respect to the one obtained by fitting the true model on the mock data. The first thing to notice is that clustering can better distinguish between the two effects -massive neutrinos and baryon feedback -even for the lowest neutrino masses. This can be addressed to the larger cosmic variance that one has in weak lensing surveys, that dominates the total error at almost all multipoles (see for example Figure 2) . Furthermore, the characteristic scales are more clearly defined for the three-dimensional power spectrum than for the shear one.
Interestingly, we find some discrepancies in the contour plots in Figure 3 : it seems not possible to find feedback parameters able to describe the neutrino-induced suppression in both the observables. In fact, the picture shows the allowed (1-and 2-σ) regions for the feedback parameters inferred by cosmic shear (red) and clustering when stopping the analysis at k max = 0.5 h Mpc −1 (blue) or at k max = 0.2 h Mpc −1 (green), for the case M ν = 0.45 eV. Not only the clustering contours do not match their counterpart from cosmic shear, but there is a significant dependence on the maximum wavenumber, k max assumed for the analysis. Despite the three degrees of freedom describing the baryonic effects, the fit is even more inaccurate at the intermediate scales between 0.2 and 0.5 h Mpc −1 : for instance, when stopping at k = 0.2 h Mpc −1 for M ν = 0.45 eV we obtained ∆χ 2 red = 0.73, versus a ∆χ 2 red = 0.95 when pushing up to k = 0.5 h Mpc −1 . This provides some first clue that a combined analysis should be able to disentangle baryonic and neutrinos effects. However, since we expect a high degree of correlation between the two observables, a detailed and careful study of their covariance matrices must be carried out.
The redshift parameter z c remains largely unconstrained whatever the neutrino mass. The bottom right panel of Figure 1 gives a simple explanation for that. At z = 1 (a characteristic redshift for future galaxy surveys) and at scales of 0.5 h Mpc −1 (that is the maximum we consider for our analysis) the dependence of the power spectrum on z c is very weak: the difference with respect to the "base" model lies within the theoretical uncertainty. Besides, the suppression almost saturates for z c 3, meaning that any value for this parameter is equivalent. The same holds true also for the shear power spectrum (see the bottom right panel of figure 2 ): z c does not play an important role, as the variation in the range z c = 1 − 3 is of the order of 2% versus a theoretical uncertainty of ∼ 3% even at the highest multipoles.
The η b parameter sets the scale at which the suppression occurs, so we expect that it is somewhat degenerate with neutrino mass. In fact Table 1 shows this effect: a higher neutrino mass implies a lower value for η b . Moreover, with increasing neutrino mass the constraints on this parameter get tighter. The reason is two-fold: firstly, because of the strong power law dependence of the feedback suppression on η b (see eq. (2.7)); secondly, a small neutrino mass implies a lower suppression at large scales, where cosmic variance is larger. Table 2 : Best-fit values and 68% confidence level intervals for the parameters obtained from the power spectrum, P (k), as well as from the cosmic shear, C , analysis. The mark means that that parameter is not constrained at all. See Section 4.2 for details.
Input parameters
P (k) C M ν log M c η b z c M ν log M c η b M ν log M c η b 0
Baryonic feedback and massive neutrinos degeneracies
We address now directly the degeneracy between the neutrino mass and the parameters of the BCM by considering a likelihood analysis where all relevant parameters are allowed to vary simultaneously. We consider 16 distinct fiducial models corresponding to all possible combinations for each of the four parameters taking the two values given by 2) . We then run the MCMC likelihood analysis over the four parameters with a twofold goal: check whether we are able to recover the fiducial values, with special attention to the neutrino mass, and examine the degeneracies among the parameters.
The values obtained for the parameters of major interest are listed in Table 2 , while the results relative to the neutrino mass are shown in Figure 4 . The blue and red data points with error bars mark the 68% confidence level on the neutrino mass as determined, respectively, by matter clustering and cosmic shear. We see that we can recover the right input M real ν within 1-σ in all cases. The mass found with weak lensing is always within ∼ 0.25σ from the right value. Moreover, the clustering ones are basically perfect (see Table 2 features of the matter power spectrum are well defined at each scale, the scale mixing of eq. (2.2) makes it difficult to associate a range of multipoles to a single effect. Second, neutrinos affect all multipoles in the shear power spectrum, but only the smallest scales in the matter one.
The absence of neutrino-baryon degeneracy in the 3D clustering case is evident in Figure  5 . There we show the contour plot for 2 of the 16 runs mentioned above. The blue contours represent the 2-D posteriors on the parameters M ν , log M c and η b , marginalized over z c : the contours in the planes M ν − log M c and M ν − η b are clearly parallel to the parameter axes, implying that neutrino mass is not degenerate with the BCM parameters. However, there exists a degeneracy intrinsic to the feedback parameters, in particular in the log M c − η b plane, that is very clear in the bottom panel of the Figure. On the other hand, the red contours, representing the results obtained from weak lensing, show that a degeneracy is indeed present, i.e. the one between M ν − log M c . However, it is still weak enough not to affect the measurement on neutrino mass, which, as we mentioned above, is recovered well within the error-bars.
Interestingly, there are some fixed triads of fiducial BCM parameters that cannot be properly constrained neither by clustering nor by weak lensing (see Table 2 ). For instance, when log M c = 13 weak lensing can only return upper limits for the feedback parameters; or again low feedback activity (i.e. low log M c and low η b ) is not constrained by clustering, since the scales affected by baryon feedback are mostly left out from the analysis. The error-bars from weak lensing are typically much larger than the ones for clustering, especially those on neutrino mass. This is expected for many reasons. First, despite performing tomography, the integration along the line-of-sight causes the loss of information on the z-direction. Second, cosmic variance limits the constraining power more than in the clustering case (see Figures 1 and 2) . Moreover, for the clustering case we only considered the cdm+b power spectrum as observable: introducing galaxy bias, Alcock-Paczynski effect and RSD would considerably enlarge them.
Degeneracy with intrinsic alignment
In the last part of the work we want to investigate the possible degeneracy between neutrino mass and intrinsic alignment in weak lensing measurements. Intrinsic alignment (IA) is one of the most significant astrophysical systematics in cosmic shear surveys, as it can enhance the signal up to 10% at all multipoles [53] . It is due to the fact that orientations of nearby galaxies can be correlated when they form and evolve in the same gravitational environment. As a result, in a shear survey one observes not only the cosmological signal due to the large-scale gravitational lensing potential, but, in addition, an intrinsic ellipticity term, so that
Thus, when computing the power spectrum of this quantity, one obtains three different contributions:
The GG term is just eq. (2.2), i.e. the cosmological signal. The latter two terms represent the correlation of shapes between physically nearby galaxy pairs (II) [54, 55] and the correlation of galaxies that are aligned with those that are lensed by the same structure (GI) [56] .
To describe this systematic we use the linear alignment model of Ref. [56] : large-scale correlations or fluctuations in the mean intrinsic ellipticity field of triaxial elliptical galaxies should be due to large-scale fluctuations in the primordial potential in which the galaxy formed during the matter dominated epoch. Thus we expect a linear relation between intrinsic alignment and the matter power spectrum. Within this paradigm, the intrinsic alignment terms read:
with −0.6 . In Figure 6 we plot the relative difference on the shear power spectrum (we consider a single tomographic bin for simplicity) of models with different neutrino masses and models with different intrinsic alignment parameter with respect to a model with minimal neutrino mass and A IA = 0. Intrinsic alignment can either enhance (if A IA < 0) or damp (if A IA > 0) the signal at all multipoles, and this effect may in principle mimic the neutrinos and introduce a possible degeneracy with M ν .
We perform the MCMC with the usual method but this time setting the z c parameter to a fixed value of 2. We choose to do so because none of the runs of the previous analysis (Section 4.2) was able to constrain such parameter, due to the weak dependence of the shear spectra on it (see the bottom right panel of Figure 2 ). Therefore, we will have again 4 free parameters to fit: M ν , log M c , η b , A IA . We use the same grid of parameter values of the previous Section plus A IA = 1.3, −1.3.
The results for the main parameters of interest are listed in Table 3 . For a clearer view, Figure 7 reports the results for what concerns neutrino mass and the intrinsic alignment parameter in all the 16 different parameter sets. We grouped the results according to the value of the input neutrino mass and the sign of A IA . We see that once again we are able to recover the right input parameters. For the neutrino mass, the maximum difference with respect to the true value is ∼ 0.46σ, while for A IA is ∼ 0.3σ. Figure 8 shows the contour plots for two combinations of parameters (the same of Figure  5 ). In green we show the 1σ and 2σ contours for the run with intrinsic alignment, while the red ones are the same contours of Figure 5 (and therefore the posterior on A IA is absent). The Input parameters results and in particular the degeneracy patterns are rather similar: the only particularly pronounced degeneracy lies in the M ν − log M c plane, but it is essentially unaffected by intrinsic alignment, while those between the other feedback parameters are pretty weak.
An interesting point to discuss concerns the degeneracy between M ν and A IA . Figure 9 shows the 1-σ and 2-σ contour lines in the M ν − A IA plane for the 16 different parameter sets we used. We see that there seems to be a degeneracy pattern which is weak for positive A IA (odd columns) and stronger for negative A IA (even columns). In particular we find an anti-correlation between the two parameters. This is expected, since M ν lowers the signal at almost all multipoles (see Figure 2) , while the intrinsic alignment parameter boosts it -if A IA is negative -or damps it -if A IA is positive -approximately in the same way (see for instance Figure 4 in Ref. [15] ). Moreover, although we do not show here the plots, another interesting point is the absence of degeneracy between the intrinsic alignment parameter and the other feedback parameters log M c and η b . All combined, these results, limited to the analysis of matter 3D clustering, yield the conclusion that in the BCM model the measurement of neutrino mass will not be affected by baryon feedback nor by intrinsic alignment. The left columns report the values of the feedback parameters used to generate mock data (z c has been set to 2). The grey shaded area is forbidden by the solar neutrino experiments.
Discussion and conclusions
In this paper we have shown that the effect of baryons on the matter and shear power spectra can be disentangled at the matter perturbation level by using a tomographic analysis. To do so, we performed a likelihood analysis for the matter and shear power spectra using the Markov Chain Monte Carlo method.
In our analysis, we accounted for both statistical error, i.e. cosmic variance, as well as the systematic error affecting the theoretical model. In the perspective where all theoretical predictions are based on fitting functions or emulators based on numerical, N-body simulations, the systematic uncertainty reflects the limitations of this approach in providing an accurate description of the non-linear matter power spectrum. We adopted the formula by Ref. [33] to describe the scale-dependence of this systematic error, negligible at the largest, linear scales while growing monotonically until reaching a ∼ 2% level at scales of 0.5 h Mpc −1 at z = 0. In addition we follow Ref. [52] to account for the correlation such error induces among different wavenumbers.
We investigated directly the effect of baryon feedback, another important source of systematic error, using the Baryon Correction Model by Ref. [11] . Their fitting formula depends on three parameters (M c , η b , z c ) with well-established physical meanings. The main focus of our work has been the specific study of their degeneracies with neutrino masses.
As a first test, we explored the possibility that baryonic effects alone could mimic the characteristic suppression of power at small scales due to a non-vanishing neutrino mass. As expected, for both clustering and cosmic shear, we found that growing values of the parameter log M c , the mass below which halos are emptied from their gas, can reproduce, to some extent, the effect on an increasing neutrino mass. However, the two probes, matter clustering and cosmic shear, interestingly prefer quite different values of this parameter, highlighting the relevance of their combination. In addition, for matter clustering in particular, the recovered It is clearly visible that in some cases the degeneracy between the two parameters is totally absent, but even where is present it will be likely not to bias the measurement on neutrino mass.
value of the log M c parameter strongly depends on the maximum wavenumber included in the analysis. These differences can be up to ∼ 9σ for M ν = 0.45 eV for the Euclid -like observational set-up we considered, a clear hint that massive neutrinos and baryonic feedback effects will be indeed distinguishable in upcoming surveys.
As a second test, the central analysis carried out in this work, we studied directly the degeneracy between the two effects allowing the parameters of the baryonic feedback model and the neutrino mass to vary simultaneously. We performed this Monte-Carlo analysis for 16 different sets of fiducial parameters in order to properly explore how such degeneracy depends on the assumed baryonic feedback model, a priori unknown. In all cases, we were able to recover the input neutrino mass. In particular, in the matter clustering case, the degeneracy between neutrino mass and feedback parameters is completely absent, while an interesting correlation exists in the plane log M c − η b . For the weak lensing shear power spectrum, the convolution of the matter power spectrum with the lensing kernel smooths-out the different scale-dependent features of the two effects leading to a noticeable degeneracy between the neutrino mass M ν and the baryon feedback parameter log M c . Despite this fact, the estimate of M ν by cosmic shear is still unbiased, with a maximum difference with respect to the true value of ∼ 0.25σ.
Finally we considered how these results are affected by the additional systematic represented by the intrinsic alignment effect in weak lensing survey. We employed the linear alignment model by Ref. [56] to introduce the intrinsic alignment effect on the shear spectra. For this part we fixed the z c parameter to a value of 2: this choice is motivated by the fact that in the previous part of the analysis we were never able to constrain it, as its effects are pretty small on the spectra and scales that we consider. The MCMC analysis was therefore performed with 4 free parameters: M ν , log M c , η b , A IA . Again, we were able to recover the right input values for what concerns neutrino mass and the A IA parameter. The posterior PDFs and contours for the cases with and without intrinsic alignment are almost identical (see Figure 8) , while we find a degeneracy pattern in the M ν − A IA plane (Figure 9 ) that is more pronounced when A IA is negative. Also, such parameter seems not to suffer from any degeneracy with the other feedback parameters.
In conclusion, if the BCM is used as a baryon feedback fiducial model, measurements on the neutrino mass from future surveys are likely not be affected by biases due to the degeneracy between neutrino masses and the feedback parameters.
Clearly, this is a first step in tackling a quite complex problem that requires much further work. Future developments concerning the clustering involve the introduction of a bias model and redshift-space distortions. Another interesting step would be to explore the degeneracies of the feedback parameters with the cosmological ones. Finally, more interesting insights (and hopefully some improvements in the constraints) could be obtained by studying the crosscorrelation between the two observables, for which a detailed study of the cross-covariance matrix is needed.
